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Effect of mono- and divalent extra-framework cations on the 
structure and accessibility of porosity in chabazite zeolites  
Huan V. Doan,*a,b Ka Ming Leung,c Valeska P. Ting*d and Asel Sartbaeva*e 
Chabazite (CHA), one of the most common zeolite framework types, has a remarkable capacity to accommodate a wide 
range of different cations within the unique CHA framework. This has led to CHA being applied extensively in ion exchange, 
and studied for highly selective gas sorption, most notably through a trapdoor mechanism. Here, we report the systematic 
study of a series of six chabazite zeolites (i.e. K-CHA, Cs-CHA, Ca-CHA, Ba-CHA, Sr-CHA and Zn-CHA) obtained by subjecting 
the parent chabazite (KNaCHA) to exchange operations with cations of different valences and atomic radii. These samples 
were examined using numerous techniques and it was found that the differences in valence and size between extra-
framework cations exert a significant effect on the abundance of these cations positioned in the framework, resulting in 
differing nitrogen sorption ability measured in the synthesised chabazite zeolites. These findings will help to understand 
how the zeolite counter-cation affects the ability of the CHA material to selectively sequester and separate gases through 
the use of the trapdoor mechanism. 
1. Introduction 
Zeolites, as an industrially-relevant class of porous crystalline 
materials, have attracted significant attention because of their 
exchangeable extra-framework cation sites1–3 and their 
versatility in various applications such as gas separation and 
storage,4–9 gas sensors10–13 and catalysis.14–17 Zeolites consist of 
an aluminosilicate framework, made of almost rigid SiO4 and 
AlO4 tetrahedra connected through oxygen atoms. There are 
about 250 different types of synthesisable, unique zeolites 
recognised by the International Zeolite Association (IZA).18 
These are given a three-letter code, which identifies each 
framework. Some of the most commonly studied zeolites are 
made of following frameworks: MFI,19–22 FAU,23–25 LTA,26–29 
CHA30–35 and EMT.36–39 Because zeolites have found so many 
uses, there has been a considerable push to predict which 
zeolites could be synthesised,40,41 how new zeolites could be 
produced,36,42,43 and what new properties could be designed 
and developed among known zeolites. Post-synthetic 
modification for developing new forms of existing zeolites is a 
simple approach, which has also been seen in the related area 
of study of metal-organic frameworks.44,45 
Chabazite zeolites (CHA) which were heavily studied in the past 
have attracted the attention of the zeolite community because 
of their usefulness for a wide variety of applications. As 
mentioned previously, these chabazite zeolites have been 
widely reported as being efficient catalysts for chemical 
processes such as the conversion of methanol to olefins46,47 and 
selective catalytic reduction of NOx.48,49 The charge difference 
between the Si and Al atoms in CHA is balanced by extra-
framework cations (“counter cations”) that are loosely bound 
to the negatively charged chabazite framework. Recently, CHA 
materials having Cs+ and K+ as their counter cations have been 
shown to have significant potential in highly discriminative gas 
separations as a result of the extra-framework cations acting as 
selective trapdoors.50 Their ability to preferentially adsorb CO2 
over N2 has led to these zeolites being tested for CO2 capture 
and sequestration.51,52 However, these studies did not 
systematically address the role of the counter cation in the 
highly selective trapdoor mechanism. Understanding the role of 
the extra-framework cations in this selective adsorption is 
important for the design of further materials that can be applied 
to selective separations. 
As noted previously, the gas sorption ability mainly depends on 
the properties of the counter-cations in these chabazite 
zeolites.53–58 For example, in chabazite zeolites with an Si/Al 
ratio of ~2, the samples with cations such as K+, Cs+ and Li+ 
adsorb nitrogen to a far lesser extent than those with cations 
such as Ca2+, Ba2+ and Mg2+.53 This could be attributed to a range 
of possible factors. Site preference could be used to explain this 
difference because most of the monovalent cations which have 
been reported so far favour a position in the centre of the eight-
membered ring (8MR)55 which is supposedly the most 
accessible window for adsorption of gases (see Figure 1a and b 
for the three different rings available within a CHA framework). 
In addition, the size of cations also plays an important role in 
the gas adsorption capacity of chabazite (see Figure 1c).59 Larger 
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ions lead to a higher energy barrier ∆𝐸 for guest molecules 
because they have a stronger interaction with the local 
environment of the 8MR. For example, the nitrogen BET surface 
area of Cs-CHA (with ∆E = 508 meV) is higher than that of K-CHA 
which has ∆E = 278 meV.54 The density of cations is also 
important for the adsorption ability of chabazite. A higher 
density of cations could lead to a higher energy barrier ∆𝐸 
because of the electrostatic repulsive interactions of cations in 
chabazite. 
Figure 1. Different characteristics of the CHA framework: a) CHA framework; b) Three 
different ring windows in chabazite; c) Possible extra-framework cations in chabazite, 
showing indicative atomic sizes.60 Images generated using CrystalMaker®: a crystal and 
molecular structures program for Windows. CrystalMaker Software Ltd, Oxford, England. 
Shang et al.53,54,61 and Ridha et al.55 have published extensively 
on size and position of extra-framework cations in various 
chabazite zeolites such as Li-CHA, K-CHA, Cs-CHA and Ca-CHA, 
yet none of the previous studies so far have drawn a direct 
comparison between monovalent and divalent cations in these 
materials. Since some chabazite zeolites such as Ca-CHA 
showed significantly higher surface areas than K-CHA (649 m2 g-
1 compared to 20 m2 g-1, from N2 Langmuir surface area 
measurements),61 the valence difference between the extra-
framework cations might be an important factor in the 
estimation of the gas sorption capacity/separation ability in 
chabazite. 
This research aimed to produce a series of chabazite zeolites (K-
CHA, Cs-CHA, Ca-CHA, Ba-CHA, Sr-CHA and Zn-CHA) to compare 
the structures of those zeolites with a view to determining if the 
monovalent and divalent cations would affect the gas 
separation properties. These chabazite zeolites were 
characterised by a range of techniques to understand the 
correlation between the nature of extra-framework cations, the 
structure of CHA framework after ion exchange and the 
accessibility of the internal surface area available for gas 
separation and sequestration. 
 
2. Experimental 
2.1. Synthesis of chabazite 
The raw material used for the chabazite synthesis was zeolite Y 
(334413-100G, Aldrich) with a composition of 0.17 Na2O : Al2O3 
: 8 SiO2 : 500 H2O. First of all, 5 g of zeolite Y was dehydrated in 
an oven under vacuum at 450 oC for 6 h, with a heating rate of 
2 oC min-1. Then ~4 g of this zeolite Y was added to the mixture 
of 31.6 ml distilled water and 4.3 ml KOH 45%, stirring for 30 s 
and then heated in an oven at 95 oC for 96 h. After that, the 
product was washed with 500 ml distilled water then dried at 
room temperature to obtain a parent chabazite sample (KNa-
CHA), as confirmed via powder X-ray diffraction analysis. 
Hereafter, this sample will be referred as the parent zeolite. 
2.2. Ion exchange of chabazite 
2 g of parent chabazite was ion-exchanged with either 80 ml of 
1M KCl (Fisher, 99%), 80 ml of 1M CsCl (Fisher, 99%), 40 ml of 
1M CaCl2 (Fisher, 99%), 40 ml of 1M SrCl2 (Fisher, 99%), 40 ml of 
1M BaCl2 (Fisher, 99%) or 40 ml of 1M ZnCl2 (Fisher, 99%) at 70 
oC, stirring continuously at 300 rpm for 24 h to produce the ion-
exchanged CHA zeolites. The products then were washed with 
distilled water until a supernatant with pH 7 was achieved. 
These ion-exchanged chabazite zeolites were named K-CHA, Cs-
CHA, Ca-CHA, Sr-CHA, Ba-CHA and Zn-CHA, respectively. 
The synthesised samples were characterised by powder X-ray 
diffraction (PXRD), scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), solid-state magic angle 
spinning nuclear magnetic resonance (SS MAS NMR) and gas 
sorption analysis. The details of these experiments are included 
in the Supplementary data. 
 
3. Results and discussion 
Phase purity and crystallinities of the synthesised chabazite 
sample and ion-exchanged samples were confirmed by powder 
X-ray diffraction. Firstly, Figure 2a shows PXRD patterns for 
commercial zeolite Y, heated zeolite Y, synthesised parent 
chabazite zeolite and simulated chabazite zeolite. After the heat 
treatment, it can be seen that zeolite Y retains the same 
crystallinity as the commercial sample with no changes in the 
framework structure. As expected, we only observe some slight 
broadening of higher 2𝜃 peaks. However, after crystallisation, 
significant differences can be observed in the PXRD pattern; i.e. 
a high-intensity peak at 6 degrees 2𝜃 in zeolite Y disappears, 
higher peaks are seen at 11 and 21 degrees 2𝜃, as well as a 
considerably more intense peak at 33 degrees 2𝜃. The PXRD 
pattern of the parent chabazite zeolite was compared with the 
simulated CHA framework zeolite prepared by Calligaris et al.62 
Every peak in the PXRD pattern of simulated chabazite zeolite is 
seen in that of parent chabazite zeolite with a similar intensity, 
demonstrating that the CHA framework was formed in the 
synthesised sample. 
Figure 2. a) PXRD patterns of commercial zeolite Y (before and after heat treatment at 
450 oC) and chabazite zeolites (simulated and synthesised). PXRD spectra are offset in 
intensity, for clarity. b) The proportion of extra-framework cations compared to 
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After successful phase identification, both Le Bail and Rietveld 
analyses were attempted on parent and exchanged zeolite 
PXRD data. While the data was not of sufficient quality to allow 
detailed Rietveld analysis, the results of the Le Bail refinement 
showed the average unit cell dimensions of the CHA materials 
containing divalent counter cations were consistently smaller 
than those containing monovalent cations (e.g. average of a = 
9.462(1)Å for monovalent and average a = 9.442(7)Å for the 
divalent cations, with the range in the last decimal place in 
brackets). The extracted Le Bail unit cell parameters are 
included in Supplementary data (Table S2).  
Secondly, after ion exchange, all chabazite zeolites were studied 
using energy-dispersive X-ray spectroscopy to estimate the 
elemental composition in each sample. From the EDX data 
shown in Figure S3 and Table S3 in Supplementary data, there 
is very little Na+ remaining in the parent KNa-CHA zeolite. This 
suggests that Na+ was almost completely exchanged by K+ 
during synthesis. Thus, it was assumed that the structure and 
properties of K-CHA and KNa-CHA would be similar. The EDX 
data indicate that the ratio of Si/Al in the chabazite zeolites is 
close to 2 in all ion-exchanged chabazite and parent chabazite. 
The proportion of extra-framework cations compared to 
potassium in each chabazite is exhibited in Figure 2b, showing 
that Cs+, Ca2+, Ba2+, Sr2+ and Zn2+ have been taken up 
successfully in the material by ion-exchange method. However, 
a proportion of residual potassium is still present in Cs-CHA, Ca-
CHA, Ba-CHA, Sr-CHA and Zn-CHA (~2-4%). This is consistent 
with the research of Ridha et al.55 where it was shown that K+ in 
the 6 ring-window persists even after ion exchange. The 
proportion of Cs+ in Cs-CHA is just over double that of the other 
cations in Ca-CHA, Ba-CHA and Sr-CHA (~9% compared to ~4%), 
which is expected, due to the charge difference between these 
cations. Zn-CHA is the chabazite zeolite possessing the smallest 
percentage of the extra-framework cation in the exchanged 
samples (~2%). This result is in good agreement with those was 
reported previously by Colella et al.,63 in which the isotherm at 
25 oC for the exchange of Zn into Na-chabazite was considerably 
lower than an upper exchange limit of 85% for Cs on Na-
chabazite. 
 
3.1. Effect of cation exchange on the morphologies of chabazite 
zeolites 
SEM images of these exchanged chabazite zeolites (as shown in 
Figure 3) show that there is no significant change in the 
morphology with cation exchange, with the materials 
comprised of primary particles with sizes ranging from ~0.2-0.4 
µm, which is similar previous reports for K-CHA.55 
Figure 3. SEM images of ion-exchanged chabazite zeolites 
3.2. Effect on the structural properties of chabazite zeolites 
Figure 4. PXRD of parent chabazite and ion-exchanged CHA zeolites compared to 
simulated chabazite. Key peaks that remained the same are highlighted in light blue. Key 
peaks that changed or disappeared are highlighted in light orange. PXRD spectra are 
offset in intensity, for clarity. 
In Figure 4, a full set of PXRD patterns for the ion-exchanged 
chabazite zeolites are presented. All peaks characteristic of the 
CHA framework can be seen in the PXRD pattern of K-CHA, 
which was expected, due to the similar EDX elemental 
composition of this zeolite to KNa-CHA. The main PXRD peaks at 
9, 17, 21, 31 and 35 degrees 2𝜃 in the parent chabazite zeolite 
appear in the powder diffraction patterns of Cs-CHA, Ca-CHA, 
Ba-CHA, Sr-CHA and Zn-CHA, demonstrating that the CHA 
framework is still maintained after ion exchange. There is little 
structural difference in the zeolites with divalent cations 
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compared to the original sample, which is evidenced by the 
different intensities in the peaks at 13, 22, 23 and 39 degrees 
2𝜃. To prove that these differences are due to the appearance 
of extra-framework divalent cations, PXRD patterns of the 
chabazite zeolites were simulated using CrystalMaker and 
CrystalDiffract software64 and compared with the pattern of 
synthesised KNa-CHA. Indeed, as shown in Figure S4 in the 
Supplementary data, after replacing potassium by strontium, 
the peak at 13 degrees 2𝜃 almost entirely disappeared, the 
intensity of the peak at 22 degrees 2𝜃 increased noticeably 
while the peak at 23 degrees 2𝜃 decreased significantly and the 
peak at 39 degrees 2𝜃 slightly increased in comparison to the 
simulated K-CHA. 
 
In this study, SS MAS NMR (29Si and 27Al NMR) was employed to 
further investigate the effect of extra-framework cations on the 
structural properties of chabazite zeolites. In the chemical shifts 
of 29Si NMR (Table S4 in SI), a very minor difference is seen 
between the different samples, indicating that the local 
environment of Si4+ in the framework remains unchanged. The 
ratio of Si/Al can be calculated using Equation 1, and results in 









   Equation 1 
where n is the number of adjacent aluminium atoms, and I is the 
relative integral intensity of each environment peak after 
deconvolution.  
Figure 5. 29Si NMR spectrum of parent KNa-CHA (a) and Ca-CHA (b). Assignment of 
spectra shows five distinct local environments for 29Si in a zeolite. 
In the 29Si NMR results of KNa-CHA (Figure 5a), it can be seen 
that there are five high-intensity peaks in the chemical shift 
between -80 and -120 ppm. These peaks can be assigned to all 
five possible local environments of Si in the framework of the 
zeolite, depending on the number of aluminium atoms bonded 
to SiO4,65 hereafter referred to as SiO4(0Al), SiO4(1Al), SiO4(2Al), 
SiO4(3Al) and SiO4(4Al). Similar 29Si NMR results are seen for all 
the other chabazite zeolites including K-CHA, Cs-CHA, Ca-CHA, 
Ba-CHA, Sr-CHA and Zn-CHA. However, in the divalent cation 
chabazite zeolites, the peak of SiO4(4Al) is of lower intensity 
than in the spectrum for the monovalent cation chabazite 
zeolites - see the comparison between KNa-CHA and Ca-CHA in 
Figure 5a and b as an example. Other 29Si NMR results can be 
found in Figure S5 in the Supplementary data. The lowered 
intensity in this peak is due to the different number of 
aluminium atoms interacting with each cation in monovalent- 
and divalent chabazite.  
When monovalent cations were exchanged for another species 
of monovalent cation during an ion exchange, almost no change 
to the framework average structure could be detected, for 
example by PXRD (see unit cell parameters in Table S2). 
However, when a monovalent cation, such as K+ was exchanged 
for a divalent cation, for example Ca2+, two K+ atoms needed to 
be exchanged for one Ca2+ cation to retain a balanced charge on 
the framework (as evidenced by the EDX analysis in Table S3) 
and this can lead to larger displacements within the framework. 
Namely, exchange affects the positions of nearby tetrahedral Si 
and Al atoms, as the interaction between two neighbouring Al 
atoms is needed for each Ca2+ cation to change balance the 
structure after the exchange, leading to a contraction of the 
average structure to accommodate the divalent cation. This is 
illustrated in Figure 6, where each monovalent cation interacts 
with one aluminium in the zeolite framework. Thus, exchange 
with another monovalent cation does not affect the Si-O-Al 
arrangement. However, a divalent cation such as Ca2+ acts to 
charge-balance two nearby aluminium tetrahedra, as such 
affecting the framework and the whole crystal structure of the 
zeolite, reducing the distance between two aluminiums and 
affecting some Si-O-Al bridges which can be up to 2.4 Å in length 
(Si-O is 1.61 Å, and Al-O is 1.75 Å). As can be seen in the NMR 
results, aluminium ions in SiO4(4Al) would be affected first due 
to the high number of aluminium atoms corresponding to this 
local environment. This assumption is in a good agreement with 
a previous study conducted by Sartbaeva et al.66,67 
Figure 6. Proposed schematic diagram of monovalent and divalent cations interactions 
with aluminium atoms in the zeolite framework.  
Figure 7. 27Al NMR spectrum of all chabazite zeolites 
27Al NMR was used to provide information on the tetrahedrally-
coordinated aluminium.68 It should be recognised that it is 
challenging to observe features other than the tetrahedrally-
coordinated aluminium in 27Al NMR. Indeed, there is only one 
sharp peak in between 55 and 60 ppm observed in the chemical 
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shifts of all chabazite samples (see Figure S6 in SI). Looking 
closer at these results, the chemical shifts for 27Al NMR of all 
chabazite zeolites, however, are slightly shifted. In Figure 7, the 
chemical shift of all cations is ordered K+, Cs+, Ca2+~Zn2+, Ba2+ 
and Sr2+ from right to left. The greater the valence of the 
cations, the stronger the interaction with aluminium in the 
chabazite. 
 
3.3. Effect on the internal surface area of chabazite zeolites 
To investigate the trapdoor gating ability of the different 
cations, BET surface area measurements of the cation 
exchanged chabazite zeolites were carried out using a 
Micromeritics 3-Flex volumetric gas sorption analysis system, 
using nitrogen adsorption at 77 K. Nitrogen isotherms and BET 
surface areas of all chabazite zeolites using N2 at 77 K are given 
in Figure 8 and Table 1. Other sorption data of these samples 
are presented in Table S6 in the Supplementary data. Samples 
after gas sorption were tested again with PXRD, which 
confirmed that the crystallinities were preserved (see Figure 
S7). 
Figure 8. Nitrogen isotherms at 77 K of all chabazite zeolites 



































Table 1 shows that the parent compound KNa-CHA has very low 
surface area (~8 m2 g-1) which is similar to the BET surface areas 
of K-CHA and Cs-CHA (less than 20 m2 g-1). However, the figures 
for the divalent cation chabazite zeolites including Ca-CHA, Ba-
CHA, Sr-CHA and Zn-CHA were significantly higher (~340 m2 g-1 
and above). These results are in good agreement with 
previously reported 77 K nitrogen sorption data for K-CHA and 
Ca-CHA (20 and 649 m2 g-1, respectively).55,61 As discussed in the 
29Si and 27Al NMR results, due to the fact that each divalent 
cation exchanges for two monovalent cations, there are twice 
the number of monovalent cations in K-CHA and Cs-CHA 
compared to the number of divalent cations in Ca-CHA, Sr-CHA, 
Ba-CHA and Zn-CHA. Moreover, ionic radii are also different in 
these cations (see Figure 1b). The higher numbers of the large 
ionic radius of cations such as K+ (δ = 1.52 Å) and Cs+ (δ = 1.81 
Å) will more effectively block the opening of the channels (d = 
6.56 Å) and then prevent N2 adsorbing into the chabazite. 
 
4. Conclusions 
In this study, a series of chabazite zeolites with monovalent and 
divalent extra-framework cations were synthesised successfully 
from zeolite Y. The results obtained from PXRD and SEM show 
that the synthesised samples had CHA framework structures 
and were nanoparticulate crystallites (size ~200-400 nm). The 
extra-framework cations interact differently with the 
aluminium in the chabazite framework depending on their 
valence. Ion exchanged chabazite with divalent cations showed 
remarkably higher nitrogen BET surface areas than those with 
monovalent cations. This is because the lower number of 
cations and the smaller size of these divalent cations at the 8 
membered-ring sites would less effectively block the pore 
windows, allowing nitrogen to freely access the internal pores. 
This indicates that divalent cations would not result in good 
trapdoor behaviour of chabazites for selective gas storage and 
separation applications. 
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1. Characterisation techniques 
1.1. Scanning electron microscopy and energy-dispersive X-ray spectroscopy 
Low resolution micrographs were taken using a JEOL SEM6480LV scanning electron 
microscope (SEM) with back scattering electrons (BSE). Energy-dispersive X-ray 
spectroscopy (EDX) data were acquired using an Oxford INCA X-ray analyser attached to the 
microscope. High resolution micrographs were taken using the JEOL FESEM6301F field 
emission scanning electron microscope at the University of Bath. Source: cold cathode UHV 
field emission conical anode gun, accelerating voltage: 5 - 20 kV, magnification from 10.000 
times to 40.000 times. 
1.2. Powder X-ray diffraction 
Room temperature Powder X-ray diffraction (PXRD) results below were obtained using a 
BRUKER AXS D8-Advance with Vantec-1 detector using Cu Kα (λ = 1.5418 Å) as the source 
of X-ray radiation, in flat plate geometry with a spinner speed is 15 rpm, at the Department of 
Chemistry, University of Bath. 
1.3. Simulation using CrystalMaker and CrystalDiffract 
Crystal structures of chabazite zeolites were simulated in CrystalMaker for Windows (Version 
9.1.4 (633), licensed to the University of Bath: Serial number: 2930) according to the data of 
Calligaris et al.,62 space group is r3̅m a = b = c = 9.459Å; α = β = γ = 94.07o. The atomic 
positions used are given in Table S1. The powder diffraction patterns of simulated samples 
were then compared with that of synthesised ones in CrystalDiffract for Window version 6.5.0 
(211) licensed to University of Bath (serial number: 1166) to confirm the presence of cations 
in chabazite zeolites. 
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Table S1. Atomic positions used for simulation of chabazite structure 
Label Site Occupancy x y z 
Si Si 0.67 Al 0.33 0.1033 0.3331 0.8743 
O1 O 1.00 0.2665 -0.2665 0.0000 
O2 O 1.00 0.1506 -0.1506 0.5000 
O3 O 1.00 0.2503 0.2503 0.8930 
O4 O 1.00 0.0204 0.0204 0.3193 
K1 K 0.97 0.2222 0.2222 0.2222 
K2 K 0.15 0.5611 0.5611 0.2506 
K3 K 0.22 0.5255 0.5255 0.1064 
 
 
Figure S1. Crystal structure of K-CHA. Potassium atoms are presented by purple balls. 
Images generated using CrystalMaker®: a crystal and molecular structures program for 
Windows. CrystalMaker Software Ltd, Oxford, England 
1.4. Cell parameters analysis 
Le Bail analysis was performed on the diffraction spectra to calculate the cell parameters of 
synthesised chabazite samples. In each analysis, PXRD data (.xy file) and CHA structure (as 
shown in Table S1) were loaded in MAUD program69 using the following setting, angular 
calibration: instrument misalignment, geometry: Bragg-Brentano, instrument broadening: 
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Caglioti PV, Size-Strain model: Anisotropic. Each structure was refined until the weighted 
profile R-factor (Rwp) value was below 18. An example of a refined XRD structure is given in 
Figure S2. 
 
Figure S2: Refined PXRD patterns of KNaCHA 
1.5. Solid state magic angle spinning nuclear magnetic resonance 
29Si and 27Al NMR spectrum of chabazite zeolites were measured using a VARIAN VNMRS 
400 spectrometer using direct excitation (DE) method, with tetramethylsilane and 1M aqueous 
aluminium nitrate solution as references. The spinning rate of 29Si NMR was 6.8 kHz, 27Al 
NMR was 14 kHz. Solid state NMR spectra were obtained at the EPSRC UK National Solid-
state NMR service at Durham University. The data then were fitted using Solver program in 
Excel to a Pseudo-Gaussian function. 
1.6. Gas sorption 
The surface area of all chabazite zeolites in this research were determined on samples of ~100 
mg using nitrogen sorption at 77 K with a Micromeritics 3-Flex volumetric gas sorption 
analysis system. Nitrogen was purchased from Air Products with purity of 99.9999%. Samples 
were degassed at 350 °C under dynamic high (10-6 mbar) vacuum for 12 h prior to analysis. 
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2. Additional information and results 
2.1. Cell parameters 










a (Angstrom) 9.461 9.463 9.437 9.449 9.438 9.445 
alpha (degree) 94.029 94.217 94.202 94.270 93.863 94.676 
 
2.2. Energy-dispersive X-ray spectroscopy 
 
Figure S3. EDX spectrum of Cs-CHA 
Table S3. The elemental composition of synthesised chabazite zeolites (atomic%) 
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2.3. Simulation using CrystalMaker and CrystalDiffract 
 
Figure S4. PXRD patterns of simulated K-CHA and simulated Sr-CHA (K and Sr positioned 
at the eight-membered ring) in comparison to PXRD pattern of synthesised KNa-CHA. 
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2.4. Solid-state magic-angle spinning nuclear magnetic resonance 
29Si NMR: 
 
Figure S5. 29Si NMR results of all chabazite zeolites 
KNa-CHA: 29Si NMR (79 MHz, none) 𝛿 ppm -108.85 (br. s., 2 Si) -104.63 (br. s., 10 Si) -98.93 
(br. s., 19 Si) -93.48 (br. s., 11 Si) -89.26 (br. s., 2 Si). K-CHA: 29Si NMR (79 MHz, none) 𝛿 
ppm -109.10 (br. s., 3 Si) -104.63 (br. s., 23 Si) -98.68 (br. s., 47 Si) -93.48 (br. s., 25 Si) -89.51 
(br. s., 4 Si). Cs-CHA: 29Si NMR (79 MHz, none) 𝛿 ppm -108.85 (br. s., 7 Si) -104.39 (br. s., 
28 Si) -98.68 (br. s., 42 Si) -93.48 (br. s., 18 Si) -89.26 (br. s., 3 Si). Ca-CHA: 29Si NMR (79 
MHz, none) 𝛿 ppm -109.59 (br. s., 2 Si) -104.39 (br. s., 22 Si) -98.68 (br. s., 49 Si) -93.23 (br. 
s., 26 Si) -89.26 (br. s., 3 Si). Ba-CHA: 29Si NMR (79 MHz, none) 𝛿 ppm -109.59 (br. s., 3 Si) 
-104.63 (br. s., 24 Si) -99.18 (br. s., 46 Si) -93.72 (br. s., 27 Si) -88.52 (br. s., 2 Si). Sr-CHA: 
29Si NMR (79 MHz, none) 𝛿 ppm -109.59 (br. s., 2 Si) -104.39 (br. s., 21 Si) -98.93 (br. s., 47 
Si) -93.48 (br. s., 28 Si) -89.01 (br. s., 3 Si). Zn-CHA: 29Si NMR (79 MHz, none) 𝛿 ppm -
109.35 (br. s., 4 Si) -104.39 (br. s., 25 Si) -98.68 (br. s., 46 Si) -93.23 (br. s., 25 Si) -89.73 - -
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Table S4. The chemical shifts from 29Si and calculated Si/Al ratios of chabazite zeolites 
Samples SiO4(0Al) SiO4(1Al) SiO4(2Al) SiO4(3Al) SiO4(4Al) Si/Al 
KNa-CHA -109.2 -104.5 -99.0 -93.8 -89.5 2.00 
K-CHA -109.4 -104.5 -99.0 -93.8 -89.5 2.00 
Cs-CHA -109.2 -104.6 -99.2 -94.0 -89.8 2.04 
Ca-CHA -109.7 -104.4 -98.9 -93.5 -87.9 2.10 
Ba-CHA -110.1 -104.8 -99.2 -93.9 -89.3 2.06 
Sr-CHA -109.8 -104.6 -99.0 -93.8 -89.2 2.04 




Figure S6. 27Al NMR results of all chabazite zeolites 
KNA-CHA: 27Al NMR (104 MHz, none) 𝛿 ppm 58.29 (br. s., 160 Al). K-CHA: 27Al NMR 
(104 MHz, none) 𝛿 ppm 57.80 (br. s., 69 Al). Cs-CHA: 27Al NMR (104 MHz, none) 𝛿 ppm 
57.80 (br. s., 98 Al). Ca-CHA: 27Al NMR (104 MHz, none) 𝛿 ppm 57.31 (br. s., 97 Al). Ba-
CHA: 27Al NMR (104 MHz, none) 𝛿 ppm 56.33 (br. s., 98 Al). Sr-CHA: 27Al NMR (104 MHz, 
none) 𝛿 ppm 56.82 (br. s., 98 Al). Zn-CHA: 27Al NMR (104 MHz, none) 𝛿 ppm 57.31 (br. s., 
100 Al).  
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Table S5. Chemical shifts from 27Al of chabazite zeolites 
Samples KNa-CHA K-CHA Cs-CHA Ca-CHA Ba-CHA Sr-CHA Zn-CHA 
Chemical 
shifts, ppm 
58.26 58.26 57.77 57.28 56.30 56.79 57.28 
 
2.5. Gas sorption 
Table S6. Nitrogen sorption data of all chabazite zeolites 
Samples BET surface area 
(m2 g-1) 
Langmuir surface 
area (m2 g-1) 
t-plot micropore 
area (m2 g-1) 
BJH desorption pore 
volume (cm3 g-1) 
KNa-CHA 7.6 13.9 13.7 0.024 
Cs-CHA 17.4 58.3 4.6 0.044 
Ca-CHA 529.5 780.0 494.3 0.067 
Ba-CHA 376.0 574.3 345.0 0.061 
Sr-CHA 471.4 698.7 441.3 0.054 
Zn-CHA 337.1 535.1 305.0 0.087 
  
 
2.6. Powder X-ray diffraction of exchanged chabazite zeolites after gas sorption 
Figure S7. PXRD results of exchanged chabazite zeolites after gas sorption 
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